Internal climate variability at the centennial time scale is investigated using long control integrations from three state-of-the-art global coupled general circulation models. In the absence of external forcing, all three models produce centennial variability in the mean zonal sea surface temperature (SST) and sea level pressure (SLP) gradients in the equatorial Pacific with counterparts in the extratropics. The centennial pattern in the tropical Pacific is dissimilar to that of the interannual El Nino-Southern Oscillation (ENSO), in that the most prominent expression in temperature is found beneath the surface of the western Pacific warm pool. Some global repercussions nevertheless are analogous, such as a hemispherically symmetric atmospheric wave pattern of alternating highs and lows. Centennial variability in western equatorial Pacific SST is a result of the strong asymmetry of interannual ocean heat content anomalies, while the eastern equatorial Pacific exhibits a lagged, Bjerknes-like response to temperature and convection in the west. The extratropical counterpart is shown to be a flux-driven response to the hemispherically symmetric circulation anomalies emanating from the tropical Pacific.
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A growing number of studies have used instrumental data to quantify observed changes in the mean climate of the tropical Pacific, including any potential response to anthropogenic forcing (Cane et al. 1997; Cane 2005; Vecchi et al. 2008; Karnauskas et al. 2009; Bunge and Clarke 2009; Compo and Sardeshmukh 2010; Kumar et al. 2010; Deser et al. 2010; Tung and Zhou 2010; Zhang et al. 2010) . These studies adopt various approaches for addressing the signal-to-noise problem of estimating long-term trends in 100-150-yr time series that contain high-amplitude variance at interannual and longer time scales. Nevertheless, they do not consider the possibility that unforced centennial variability inherent to the coupled dynamics of the tropical Pacific could also create century-length trends.
Characterizing unforced, internal variability at the centennial time scale is critical for detecting and attributing externally forced changes due to anthropogenic emissions of greenhouse gases. The era of modern instrumental records of key climate variables such as SST and sea level pressure (SLP) began less than 200 years ago, requiring that this variability be characterized with paleoclimatic evidence or multicentury simulations from general circulation models (GCMs). Until very recently, only simple models or models of intermediate complexity limited in domain to the tropical Pacific basin (e.g., Zebiak and Cane 1987) could be integrated over sufficiently long periods to quantify internal lowfrequency variability. Control and forced simulations from fuUy coupled GCMs that span a millermium or more are, however, becoming more widely available (e.g., González-Rouco et al. 2003 Ammann et al. 2007; Wittenberg 2009 ). Such simulations enable the robust characterization of multidecadal-to-centennial variability in model-simulated climates. Wittenberg (2009) showed that the range of internal low-frequency variability in the period and amplitude of the El Niño-Southem Oscillation (ENSO) in a 2000-yr GCM control simulation precludes the attribution of changes in ENSO behavior seen in the modern instrumental record to anthropogenic or external forcing. Yeh et al. (2011) used a similarly complex model to quantify lowfrequency variations in the spatial pattem of ENSO, contrasting the eastern and central Pacific flavors of El Niño events. Corroborating these coupled model studies, McGregor et al. (2010) and Li et al. (2011) have recently presented proxy evidence from tree rings, tropical corals, and other sources for significant variability in the amplitude of ENSO on interdecadal time scales.
Focusing on characterizing and understanding the unforced, internal variability in the mean state of the tropical and extratropical Pacific Ocean, we examine centennial climate variability in global output fields from long control integrations of three state-of-the-art global coupled GCMs. The models and supporting observational datasets are briefly described in the following section, section 3 presents the pattems of unforced climate variability with a proposed mechanism, and the implications for forced-trend detection are discussed in section 4. A summary and discussion are given in section 5.
Models
Annual resolution output fields from millennial control integrations of three fully coupled global GCMs are employed in this study. In the simulations, solar radiation, atmospheric composition, and all other aspects of the extemal forcing are held constant. Simulated climate variability at any time scale is therefore solely the result of internal dynamics captured by the model rather than a response to any specified forcing.
The Geophysical Fluid Dynamics Laboratory Climate Model version 2.1 (GFDL CM2.1) is described by Delworth et al. (2006) . The control simulation analyzed herein was run with an atmospheric resolution of 2°l atitude X 2° longitude X 24 vertical levels; oceanic resolution is 1° latitude (increasing to V3° near the equator) X 1° longitude X 50 levels. The simulation spans 3000 years after omitting the first 700 years as model spinup. Simulation of the tropical Pacific climate and ENSO variability by the GFDL model is assessed by Wittenberg et al. (2006) ; despite biases in mean climate common to most coupled models, such as an equatorial cold bias, the basic climatology as well as the spatial pattern and periodicity of ENSO are well reproduced. The GFDL model does not apply flux adjustment.
The National Center for Atmospheric Research (NCAR) Community Climate System Model, version 4 (CCSM4), part of the latest Community Earth System Model, version 1, is described by Gent et al. (2011) . The .5%, 14.7%, and 7.0% for EOFl, EOF2, EOF3, and EOF4, respectively. In the right panels, the x axis is time in years.
control simulation used herein spans 1300 years and employs the version of CCSM4 with an atmospheric resolution of -1° latitude X 1° longitude X 26 vertical layers and an oceanic resolution of 1.11° longitude X 0.54° latitude (increasing to 0.27° near the equator) X 60 vertical levels. This version of CCSM4 includes improvements to the parameterization of deep convection (Neale et al. 2008; Richter and Rasch 2008 ) that led to significant improvements in simulation of ENSO over the previous CCSM versions. The NCAR CCSM4 also does not apply flux adjustment.
The ECHO-G coupled climate model (Legutke and Voss 1999) combines the ECHAM4 atmospheric model (Roeckner et al. 1996) with the global version of the Hamburg Ocean Primitive Equation (HOPE-G) ocean model (Legutke and Maier-Reimer 1999) . The control simulation used herein was run at T30 (-3.75°) X 19 levels atmospheric resolution, T42 (-2.8°; meridional resolution increasing to -0.5° near the equator) X 20 levels oceanic resolution, and spans 1000 years. The ECHO-G model applies a time-invariant flux adjustment (heat and freshwater fluxes) to avoid chmate drift. An assessment of the simulated mean climate and ENSO variability by the ECHO-G model is given by Min et al. (2005) .
To compare forced and unforced climate variability, we also analyze output fields from transient simulations of the twentieth and twenty-flrst centuries by each of Fig. 1 , and (bottom) ECHO-G models. Used in constructing the thick solid line were PC3 and PC4 for GFDL CM2.1 (21.7% total variance explained); PCI, PC2, and PC4 for NCAR CCSM4 (49.3% total variance explained); and PC2-PC4 for ECHO-G (38.4% total variance explained). Each time series is expressed as standard deviations. Centre Sea Ice and Sea Surface Temperature version 1 (HadlSSTl; Rayner et al. 2003) , the National Oceanic and Atmospheric Administration (NOAA) Extended Reconstructed SST version 3b (ERSSTv3b; Smith et al. 2008) , and the Kaplan Extended SST (Kaplan et al. 1998) . The horizontal resolutions of HadlSSTl, ERSSTv3b, and Kaplan are 1°, 2°, and 5°, respectively.
Results
We begin with a general approach to identifying global patterns of unforced climate variability in three coupled climate models. Based on those results, we then carry out additional analyses focusing on characterizing the centennial variability in the tropical Pacific and linkages with the extratropics. Finally, we discuss a proposed mechanism for the unforced centennial oscillation in the tropical and extratropical Pacific.
a. Patterns of unforced centennial variability
The leading empirical orthogonal functions (EOFs) and associated principal components (PCs) of filtered (90-yr low pass) SST in the global domain from the GFDL CM2.1, NCAR CCSM4, and ECHO-G models are shown in Figs. 1-3, respectively (the variances explained by each EOF are provided in the figure captions). In the GFDL CM2.1 simulation, the first two EOFs describe low-frequency SST variability across the high latitudes of either hemisphere. In contrast, the zonally asymmetric patterns described by EOFs 3 and 4 project strongly onto the zonal SST gradient in the equatorial Pacific, suggestive that the dominant pattern of centennial variability in the tropical Pacific is a zonal dipole with a strong counterpart in the extratropical North Pacific. It is important to note the difference between the patterns produced by this EOF analysis and the pattern associated with ENSO variability on the interannual time scale. The latter is manifest primarily in east (or central) equatorial Pacific SST anomaUes with a typically negligible response in the far west, whereas the centennial pattern includes particularly strong SST anomalies in the western equatorial Pacific as well as the east. The similarities between EOF3 and EOF4 in the GFDL CM2.1 simulation are suggestive of a single, propagating all-Pacific mode. While the order of modes extracted from EOF analysis is not expected to match model by model, variations of the zonal gradients in the tropical Pacific are also a dominant mode of global centennial climate variability in the NCAR CCSM4 and ECHO-G models. Note, for example, the similarity between EOF3 from the GFDL CM2.1 simulation and EOFl of the NCAR CCSM4 simulation.
To test the robustness and relevance of the global EOF analysis, linear combinations of PCs associated with EOFs that project onto the equatorial Pacific zonal SST gradient can be constructed and compared with low-pass-filtered time series of the zonal SST and SLP gradients in the equatorial Pacific in each model. Linear combinations were constructed using PC3 and PC4 from the GFDL CM2.1; PCI, PC2, and PC4 from the NCAR CCSM4; and PC2, PC3, and PC4 from the ECHO-G model. Following Kamauskas et al. (2009) , an index of the zonal SST gradient is defined as the difference between SST averaged within the western equatorial Pacific (5°S-5°N, 150°E-160°W) and the eastern equatorial Pacific (5°S-5°N, 130°-80°W). The zonal SLP gradient is computed using the same areas; however, the sense of the difference is reversed, such that a large positive value corresponds with a strong zonal SLP gradient. The zonal SST and SLP gradients in each model can, in fact, be well described by the linear combination of PCs that project onto the zonal SST gradient as indicated by the high correlations among them (Fig. 4) , implying that these empirical modes of variability involving large spatial scales contribute substantially to the centennial variability in the equatorial Pacific zonal SST gradient. Furthermore, the correlations between low-pass-filtered zonal SST and SLP gradients are near unity in each model, suggesting strong ocean-atmosphere coupling at the centennial time scale.
Having established the global context of centennial SST variability and the potential significance of the tropical Pacific, the above low-pass-filtered EOF analysis was repeated but with the analysis domain limited Fig. 5 , reveal that the leading mode of centennial SST variability in the tropical Pacific is a zonal dipole mode that is dissimilar to ENSO, in that there is a high-amplitude loading in the western equatorial Pacific where ENSO variance tends to be small. Furthermore, the patterns derived from the tropical Pacific-only EOF analysis share many similarities with the global EOFs, suggesting that this is a fundamental mode in the models. The centennial oscillation is a robust mode in each model (34%-45% variance explained and relatively insensitive to domain boundaries) and is linked to centennial variabihty in the tropical atmosphere, that is, highly correlated with the leading PC of low-pass-filtered SLP (correlation coefficients 0.78-0.86). There are very strong correlations between the leading PCs' tropical Pacific-only fields (Fig. 5) and the global EOF-based time series and zonal gradients shown in Fig. 4 . The spatial pattern of centennial SST anomalies also is similar among the three models despite the dipole structure being compressed zonally in the ECHO-G model relative to the other two models (i.e., the westem Pacific maximum is translated eastward by -50° longitude). Since the spatial pattem of the centennial oscillation in the tropical Pacific projects very strongly onto the zonal SST gradient in all three analyzed model simulations, it is important to understand the global consequences and physical mechanisms of the oscillation.
To characterize the global spatial pattems associated with the simulated centennial variability in the equatorial Pacific zonal gradients. Figs. 6-8 show the unfiltered (annually resolved) SST, SLP, and equatorial subsurface temperature fields composited on the filtered (90-yr low pass) zonal SST gradient time series for each model (a threshold of 0.5 standard deviations was used, but the results are insensitive to this choice between ~0 and 1 standard deviations). The broad features of the composite fields are highly consistent between each simulation. The difference in composite SST fields for strong minus weak low-pass-filtered zonal gradients are characterized by approximately 0.2°C positive and negative anomalies in the westem and eastern equatorial Pacific, respectively. The composite equatorial subsurface ocean temperature fields for each model are also very similar, indicating warm (cold) anomalies at ~100-m depth Also shown in Figs. 6-8 are composite SLP fields, which demonstrate further agreement among each model in terms of the atmospheric circulation associated with low-frequency periods of strong or weak zonal SST gradients. Consistent with the sense of the composite differencing (strong -weak), the zonal SLP gradient in the equatorial Pacific is also strengthened, and a hemispherically symmetric wave pattern of alternating highs and lows emanating from the western tropical Pacific and extending well into the midlatitudes of both hemispheres is seen in the composite SLP field of each model. This is consistent with the well-known atmospheric response to tropical SST and heating anomalies (Hoskins and Karoly 1981; Webster 1981) , with ENSO having notable hemispheric symmetry (Trenberth et al. 1998; Seager et al. 2003 Seager et al. , 2005a . The familiar poleward-to eastward-propagating Rossby wave trains in the composites are present, but systematically shifted westward in keeping with the westward-shifted location of the composite maximum tropical SST anomalies relative to the canonical ENSO pattern. The horseshoe pattern of SST anomahes in the extratropical North Pacific (and to a lesser extent. South Pacific) is also consistent with the expected quasigeostrophic circulation about the SLP anomalies found at -50° latitude in the extratropics. In the NCAR CCSM4, the extratropical SST response is less strong than in the GFDL CM2.1 relative to the tropical signal, which is consistent with the differences between these two models in the position and strength of the low SLP anomaly in the extratropical North Pacific.
Some differences between the models in the centennial SST patterns analyzed here may be partially attributed to differences or biases in the mean climatology simulated by each model. While the warm SST response in the equatorial Pacific appears farther east in the ECHO-G model than in the GFDL CM2.1 or NCAR CCSM4, the warm anomaly in each model is found near the eastern edge of the warm pool. Furthermore, while the cold SST anomaly in the ECHO-G model appears to be in closer proximity to the South American coast, the pattern in each model matches that model's rendition of the coastal upwelling/cold tongue complex. For example, in the GFDL CM2.1, the mean cold tongue appears disconnected from the coastal upwelling, similar to the pattern of centennial SST anomalies.
The temporal evolution of the centennial pattern in each model is shown by way of lead-lag composite maps of SST and SLP (Figs. 9-11) . Consistent across each model, the western equatorial Pacific and extratropical SST anomalies begin developing several decades (30 years or more) prior to the peak phase, and the SST anomalies in the eastern equatorial Pacific appear to emerge later, close to when the peak phase is reached (within -15 years). The hemispherically symmetric pattern in SLP anomalies emerges in close alignment with the extratropical SST anomalies, consistent with the direct atmospheric forcing of the ocean. Also consistent with the robust result that the western equatorial Pacific and extratropical North Pacific begin warming several decades in advance of the peak zonal SST gradient, the cross correlation between low-pass-filtered SST anomalies in the western and eastern equatorial Pacific indicates a multiyear lag in each model (Fig. 12) . The lag of the eastern equatorial Pacific relative to the west achieves a maximum value of -13 years in the ECHO-G model, the largest lag among the three analyzed model simulations. , histogram of unfiltered Niño-3 SST anomaly, and composite evolution of unfiltered Niño-3 SST anomaly for moderate El Niño events (peak Niño-3 > 1.5 standard deviations, thin red line), strong El Niño events (peak Niño-3 > 2 standard deviations, thick red line), moderate La Niña events (peak Niño-3 < 1.5 standard deviations, thin blue line), and strong La Niña events (peak Niño-3 < 2 standard deviations, thick blue line), (second row) Time series of running variance (50-yr window, °C^) of unfiltered Niño-3 SST anomaly, (third row) As in (first row), but for OHC (300 m) heat content in the western equatorial Pacific, (fourth row) Time series of filtered zonal SST gradient (°C) and zonal SLP gradient (hPa). All results shown are for the NCAR CCSM4.
b. A proposed mechanism
Given the predominance of a mode of interannual variability in the tropical Pacific that is zonally asymmetric, it is natural that our effort to diagnose the mechanisms for the simulated patterns of centennial variability begins with a consideration of ENSO. In particular, it is interesting to note the simulated covariability between ENSO variance and the mean zonal SST gradient at the centennial time scale (Fig. 13) . Although the overall amplitude of interannual variability varies considerably between each model, the linear association is quite similar; that is, periods of strong ENSO variability are associated with periods of weak zonal SST (and SLP) gradients, and vice versa (note discussion in Wittenberg 2009) . If the simulated pattern of centennial SST variability (i.e.. Figs. 6-8) resembled that of ENSO, then one might conclude that the apparent centennial variability is simply a statistical rectification of a higher-frequency oscillation that is asymmetric in amplitude (i.e., absolute SST anomalies are greater for El Niño than La Niña). This is clearly not the case, given the robust centennial SST signal in the warm pool region where ENSO-related SST anomalies are actually minimal. Nevertheless, the proposed mechanism begins to emerge in a comparison between the spatial patterns of centennial variability with that of interannual ENSO variability (Fig. 14) . Within the tropics, the regions of maximum centennial SST variability are found at the western and eastern termini of the equatorial band of maximum ENSO-related SST variability. This result is robust and systematic among the three models; as the zonal extent of high interannual variability is reduced in NCAR CCSM4 relative to GFDL CM2.1, and in ECHO-G relative to NCAR CCSM4, the simulated locations of the centennial signal in the western equatorial Pacific shift accordingly. The nonlinear nature of ENSO has previously been documented in terms of the positive skewness of SST anomalies (Deser and Wallace 1987) and asymmetries in duration, spatial variability, teleconnections, and other characteristics [see Okumura and Deser (2010) , and references therein]. The asymmetry of annual ENSOrelated SST anomalies for the NCAR CCSM4 is illustrated in Fig. 15 (first row) ; Niño-3 SST anomalies oscillate about the mean value of zero with the warm anomalies being stronger yet shorter in duration than the cold anomalies. Also shown in Fig. 15 is a time series of the variance of Niño-3 SST anomalies within 50-yr sliding windows throughout the simulation, which indicates substantial cycles in ENSO variance over time ranging from -0.5° to rcl As shown in the composite analyses of the previous subsection, the subsurface temperature anomalies in the warm pool region are the strongest part of the centennial signal. Upper-ocean heat content (OHC) anomalies were computed for the upper 300 m of the warm pool region (i.e., the western box used in the zonal SST gradient calculation) and are shown in Fig. 15 , third row. While western equatorial Pacific OHC anomalies are strongly anticorrelated with Niño-3 SST anomalies, the OHC anomalies are sufficiently asymmetric that La Niña events are not capable of recharging as much OHC to the warm pool as is lost during El Niño events. This is particularly evident in the OHC anomalies throughout composite El Niño and La Niña events, also shown in Fig. 15 . Therefore, during periods of strong ENSO variability, the warm pool sustains a net loss of OHC, leading to a persistent cold SST anomaly and hence reduced zonal SST gradient.
In contrast, during periods of weak ENSO variability, the lack of recurring strong discharges of OHC allows the warm pool to accumulate (or at least maintain) OHC and results in a stronger zonal SST gradient. The calculations shown in Fig. 15 and throughout the remainder of this subsection are similar in their characteristics to the GFDL CM2.1 and ECHO-G model results. For brevity, we show and base our discussion on the NCAR CCSM4 results only.
As shown earher (Figs. 9-12 ), the eastern equatorial Pacific centennial SST variability lags the warm pool, implying a Bjerknes (1966)-like response to the warm pool variability. This is confirmed in the composite surface heat and momentum fluxes shown in Fig. 16 . During centennial periods of strong zonal SST gradient, easterly wind stress anomalies in the central equatorial Pacific drive enhanced upwelling in the cold tongue region. The SST anomalies in the tropics are clearly not driven by heat fiuxes, since the sign of the anomalous net heat flux is opposite to that which would produce the pattern of a strong zonal SST gradient. Rather, the tropical net heat flux anomalies damp the SST anomalies (as is typically the case for interannual variability). In the extratropical North Pacific, the SST anomalies can be viewed as a response to the anomalous surface heat fluxes driven by cyclonic flow present in the North Pacific atmosphere. Part of the anomalous cyclonic circulation about the low SLP anomaly includes southerly winds in the northeastem Pacific across sharp meridional gradients, driving warm moist advection and reducing upward surface heat fluxes. Additionally, wind-driven anomalous ocean temperature advection and reduced offshore transport along the western coast of North America may contribute to the extratropical SST anomalies.
Finally, we note some important distinctions between the simulated tropical precipitation response to centennial variability in the zonal SST gradient and interannual ENSO variability (Fig. 17) . While both the strong centennial gradient and La Niña patterns include a broad region of reduced precipitation extending from South America toward the west-central Pacific, the dry anomaly extends much farther westward during La Niña, whereas the dominant precipitation anomaly associated with a strong centennial gradient is positive over the warm pool. Also, during La Niña, precipitation tends to be enhanced over the entire Maritime Continent extending into the eastern Indian Ocean, while the enhanced rainfall associated with the strong centennial gradient is entirely confined to the Pacific basin, which is consistent with the centennial pattern of OHC and SST anomalies. Although weaker than the tropical precipitation anomalies, a positive precipitation anomaly in the extratropical North Pacific can be identified that is collocated with the strong LP Zonal SST Grad. composite low SLP anomaly in Fig. 7 and the negative net surface heat flux anomaly in Fig. 16 . Over North America, the ENSO-precipitation teleconnection is quite realistic (not shown) and displays notable differences from the centennial precipitation pattern, which are also likely caused by the differences in SST patterns.
Implications for forced-trend detection
The simulated centennial variability in the long unforced simulations analyzed here has implications for forced-trend detection in recent and future decades and centuries. Shown in Fig. 18 are time series of the zonal SST gradient from observations over the twentieth century, along with forced simulations of the twentieth and twenty-first centuries from each of the models analyzed here. Trends including uncertainties are provided in Table 1 . Observational estimates of the trends in the zonal SST gradient range from -0.02° to -H0.15°C century"^; none of these trends based on annual time series is statistically significant. Although the trends in the zonal SST gradient over the twentieth century from each model are positive, none are statistically significant given the large interannual and decadal variability (note that the trends in Table 1 are computed on annual time series, not on the decadally smoothed time series that are shown in Fig. 18 ). Over the twenty-first century, the models analyzed here disagree on the sign of change in the zonal SST gradient; the GFDL CM2.1 predicts a 0.60°C century"^ (0.38°C century"') increase in the zonal SST gradient, while the ECHO-G model predicts a 0.23°C century"^ (0.26°C century^') decrease in the zonal SST gradient under the AlB (A2) emissions scenario. In response to an increase of CO2 by 1% yr^' beginning in 1850 (20C-h, Table 1), the NCAR CCSM4 predicts a 0.29°C century"' decrease in the zonal SST gradient, similar to the ECHO-G result.
How the trends shown in Fig. 18 and Table 1 compare to those arising entirely from unforced, internal climate dynamics is illustrated in Fig. 19 . Each vertical bar along the time axis represents the linear trend in the unfiltered zonal SST gradient computed over a sliding 125-yr window. As expected, the trend time series closely resembles the low-pass-filtered time series of the zonal SST gradient itself, that is. Fig. 4 , but with a quarter-cycle lag. Trends in the zonal SST gradient that are statistically significant at the 95% confidence level, represented by black bars, can be found throughout the unforced simulation of all three models. Each model simulates several intervals during which the simulated trend magnitude exceeds that model's simulated trend during the twentieth century, either of the future simulations, the maximum trend estimate from observations of the twentieth century, and even the maximum trend estimated by an analysis of the seasonal trends over the twentieth century (a strengthening of the September zonal SST gradient by 0.4°C century"^ in the HadlSSTl dataset; Karnauskas et al. 2009) . If these models are correct, then it would appear that a trend in the zonal SST gradient of magnitude~0 .5°C century ' is entirely within the range of unforced, intemal climate variability.
An important distinction between unforced centennial variability and the forced response of tropical Pacific SSTs, however, may be in the details of the spatial pattem; all models analyzed here include a maximum of centennial variability in the western equatorial Pacific, where ENSO variance is minimal. Thus, there is a clear difference between patterns of interannual and centennial Pacific variability. The distinction between the pattems of centennial variability and the forced response to rising greenhouse gases is not so clear. In the case of the forced response, all models show warming in the westem equatorial Pacific with some having even more in the eastern equatorial Pacific (hence a weakening zonal gradient) and some having less (hence a strengthening zonal gradient) (Seager and Vecchi 2010) . A more clear distinction may occur in the Walker circulation, which varies coherently with the zonal SST gradient in centennial variability but generally weakens in response to rising greenhouse gases in coupled models even if the zonal SST gradient strengthens. Further, the zonally asymmetric equatorial Pacific thermocline changes within centennial modes are in contrast to the additional background zonal mean shoaling that occurs in response to rising greenhouse gases (DiNezio et al. 2009 ). This implies that, for the unambiguous detection and attribution of tropical SST changes to extemal forcing, careful attention must be paid to not simply the zonal SST gradient but the entire coupled state of the tropical Pacific atmosphereocean system.
Summary and concluding remarks
Simulated internal centennial variability yields overall changes in the equatorial Pacific zonal SST gradient of roughly a half a degree Celsius. Such changes are equivalent to trends that have been estimated over the modern instrumental era since -1880 (see references in the introduction). It should also be noted that simulated centennial variability in the tropical Pacific Ocean is no stronger than in other parts of the World Ocean and is Table 1 ).
actually weaker than in many high-latitude areas. The global implications of the variability, however, could be larger given the sensitivity of global atmospheric circulation to small changes in the warmest SSTs in the tropical Pacific. The simulated relationship between unforced centennial variability in the mean state and that of interannual ENSO variability can be compared with a multimodel analysis of the predicted response to anthropogenic forcing (Solomon et al 2007) , which shows no clear relationship between projected changes in the mean state and in ENSO variance. This is not a paradox, since the tropical Pacific mean state can respond to more than one mechanism. The greenhouse-forced response of the tropical Pacific mean state in IPCC AR4 simulations appears to be dominated by the overall weakening of the Walker circulation Vecchi et al. 2006, Vecchi and Soden 2007) , which arises independently of any change in ENSO variability. In contrast, the unforced variability of the tropical Pacific mean state in the simulations analyzed here appears to arise directly from internal variations in ENSO that occur on time scales typically longer than anthropogenic CO2-forcing simulations.
The model-based work presented here has two clear and important implications that depend on whether the model variability has a counterpart in nature: 1) If nature exhibits such strong natural variability of tropical Pacific SSTs on centennial time scales, then assumptions that the observed trend over the past century to a century and a half is a response to radiative forcing are tenuous. It could in fact be that the observed trend over the past century and a half is merely reflective of internal variability. If so, it could strengthen or weaken in the future as the natural variability evolves. This will combine with, and potentially interact with, any forced response and thus have implications for tropical Pacific and global climate. 2) If the centennial variability in the models is spurious, then it nevertheless is a robust component of the three analyzed models, is likely to exist in other models, and therefore will continue to influence coupled GCM projections of future climate, as well as initialized decadal hindcasts and forecasts conducted with GCMs. In all cases, it must be known at what stage the natural centennial variability exists at the beginning of a forecast or projection to isolate the forced change from the modeled internal variability.
Given the above-mentioned implications, our findings place a premium on efforts to develop long records of past tropical Pacific SST variability. This can only be done using paleoclimatic records, such as corals in the equatorial Pacific, southeastern Indian Ocean, and the South China Sea or from ocean sediment cores in regions with sedimentation rates high enough to allow adequate temporal resolution. Cane (2005) provides an earlier survey of such records, while more recent records that span a century or longer have become available from coral archives (e.g., Bagnato et al. 2005; Linsley et al. 2000 Linsley et al. , 2006 Lough 2007; Ouinn et al. 2006) , and sediment cores (e.g., Conroy et al. 2009 ). Land-based records from lakes, speleothems, and trees would also be useful to ascertain the associated hydrologie signal, although care must be taken to interpret these records, given the potential influence of SST variability in more than just the tropical Pacific. Long reconstructions of ENSO variability, such as those synthesized by McGregor et al. (2010) , are also necessary to verify the proposed mechanism linking the simulated centennial oscillation in the tropical Pacific mean state to low-frequency changes in ENSO variability. Hydrologie proxies may be able to distinguish between time scales based on the divergent precipitation patterns associated with centennial and ENSO variability shown here. It therefore is a matter of significant importance, from the points of view of understanding long-term climate variability and change and the practical application of models, to determine if high-amplitude centennial variability of tropical Pacific SSTs is an inherent property of the real climate system.
